Glycolytic oscillations in single ischemic cardiomyocytes at near anoxia by Ganitkevich, Vladimir et al.
Article
The Rockefeller University Press  $30.00
J. Gen. Physiol. Vol. 135 No. 4  307–319
www.jgp.org/cgi/doi/10.1085/jgp.200910332 307
I N T R O D U C T I O N
When cardiomyocytes are exposed to substrate removal 
(O’Rourke et al., 1994; Romashko et al., 1998), chemi-ﾭ
cal ischemia (Ryu et al., 2005; Yang et al., 2008), oxida-ﾭ
tive stress induced by glutathione depletion (Aon et al., 
2007; Slodzinski et al., 2008), or photooxidation (Aon 
et  al.,  2003),  metabolic  oscillations  are  frequently   
observed. These oscillations are manifested either by 
cyclic depolarization of the mitochondrial membrane 
potential  ()  or  cyclic  changes  of  the  cytoplasmic 
ATP/ADP ratio, which, in turn, is reflected by changes 
in IKATP and cell excitability (O’Rourke et al., 1994; Aon 
et al., 2003; Ryu et al., 2005; Yang et al., 2008). Meta-ﾭ
bolic oscillations have been attributed to synchroniza-ﾭ
tion of the mitochondrial network of coupled oscillators 
by cytoplasmic reactive oxygen species (ROS) (Aon   
et al., 2006). The trigger for oscillations is thought to be 
oxidative stress due to radicals produced by laser flash–
induced photooxidation (Zorov et al., 2000; Aon et al., 
2003; Brady et al., 2004) that is supposed to simulate an 
elevated  ROS  production  by  the  respiratory  chain. 
During prolonged ischemia, various components of the   
respiratory chain involved in ROS production become 
damaged (Chen et al., 2008). ROS accumulation above 
some “critical” threshold is followed by a subsequent 
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ROS  release  into  the  cytosol  through  a  postulated 
ROS-ﾭinduced  ROS  release  mechanism,  involving  the 
mitochondrial inner membrane anion channel (Aon   
et al., 2003) or the cyclosporine A–sensitive permea-ﾭ
bility transition pore (PTP) (Zorov et al., 2000; Brady   
et al., 2004).
Metabolic  oscillations  were  also  observed  during 
chemical ischemia in cardiomyocytes with largely elimi-ﾭ
nated mitochondrial function, for example, when the 
mitochondrial  “clamping”  of  ATP/ADP  levels  was   
prevented by blocking oxidative phosphorylation with 
cyanide  and  rotenone  in  the  presence  of  a  creatine   
kinase inhibitor (Ryu et al., 2005; Yang et al., 2008).   
Oscillations  were  not  affected  by  cytoplasmic  ROS 
scavengers. They were attributed to oscillatory glycolysis 
under conditions of ADP depletion in the phospho-ﾭ
fructokinase reaction (Yang et al., 2008). Finally, the 
possibility of a cyclic activation of mitochondrial KATP 
channels has also been suggested (Ryu et al., 2005).
What all studies of metabolic oscillations in cardio-ﾭ
myocytes have in common is that they were performed 
at unrestricted access of atmospheric oxygen, e.g., with 
oxygen  concentrations  >10  times  the  physiological   
oxygen tension (Wilson et al., 1988; Rumsey et al., 
1990; Gnaiger, 2001). Whether metabolic oscillations 
also occur at near anoxia is not known. However, the 
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Washington, D.C.). Mouse ventricular cardiomyocytes were pre-ﾭ
pared as described previously (Ganitkevich et al., 2006).
Picochambers and experimental setup
The  experimental  setup  was  described  in  detail  previously   
(Ganitkevich et al., 2006). In brief, picochambers were con-ﾭ
structed on glass chips by coating one side with a 32-ﾭµm thick 
layer  of  a  negative  photoresist  in  which  cuboid-ﾭlike  pits  of   
150-ﾭµm length, 40-ﾭµm width, and 32-ﾭµm depth were created, 
resulting in a geometric volume of 192 pL. The glass chips 
formed the bottom of the experimental chamber. In the head-ﾭ
space of the experimental chamber, an atmosphere of humidi-ﾭ
fied argon was established to insulate the picochambers from 
the atmospheric air while having free access for glass pipettes. 
pO2 in the solution of the picochamber could be controlled by 
setting the argon flow. When changing the argon flow rate, 
pO2 at the cell could be changed rapidly in a step-ﾭlike fashion 
(<5 s) in the range between <0.1 and 10 mm Hg, which is the 
critical range for control of oxidative metabolism (Wilson et al., 
1988; Rumsey et al., 1990; Gnaiger, 2001). Hence, the argon flow 
rate defined the oxygen tension at the bottom of the experimen-ﾭ
tal chamber. If not otherwise mentioned, the measurements were 
performed at the two argon flow rates of 30 and 100 ml/min. 
With an argon flow rate of 30 ml/min, the pO2 at the bottom of 
the chamber was 10 mm Hg, as measured with either a Clark elec-ﾭ
trode or Pt-ﾭporphyrin quenching (MFPF-ﾭ100-ﾭ1 with FOSPOR-ﾭR 
sensor;  Ocean  Optics).  With  an  argon  flow  rate  progressively 
higher, the pO2 levels became, respectively, lower (Fig. S1 A). 
Because below pO2 = 2 mm Hg the Clark electrode became pro-ﾭ
gressively erroneous, the pO2 at the argon flow rate of 100 ml/min 
was preferably measured by Pt-ﾭporphyrin quenching, resulting in 
a value between 0.04 and 0.10 mm Hg. The value of 0.04 mm Hg 
was obtained as follows. A further increase of the argon flow rate 
to 200 ml/min led to a further slowing of the phosphorescence 
lifetime, indicating a further decrease of pO2 (Fig. S1 B), whereas 
no further increase of the lifetime was observed when the sensor 
was exposed to 100% nitrogen outside the setup. This indicates 
that any further reduction of pO2 was below the resolution of 
the sensor of 0.04 mm Hg. Hence, with an argon flow rate of 
100 ml/min, the cardiomyocyte in a picochamber was exposed to 
pO2 between 0.04 and 0.1 mm Hg. Routinely, pO2 was moni-ﾭ
tored with the Clark electrode because the measurement with 
Pt-ﾭporphyrin could interfere with the fluorescence measurement 
of . We conclude that changing the argon flow rate between 30 
and 100 ml/min varied the oxygen tension at the cell between 10 
and <0.1 mm Hg, respectively. Rapid (5 s) and slow (minutes) 
changes of pO2 were achieved by applying step and ramp voltages 
to the flow controller (Smart-ﾭTrack-ﾭ100; Sierra Instruments).
Patch clamp technique
Transmembrane  currents  of  cardiomyocytes  were  recorded 
with the patch clamp technique in the whole cell configuration 
as described previously (Ganitkevich et al., 2006). If not other-ﾭ
wise  noted,  the  holding  potential  was  80  mV  and  the   
cells were depolarized to +40 mV for 100 ms at 2 Hz. All experi-ﾭ
ments were performed at room temperature (22 ± 1°C).
Fluorescence optical measurements
 was measured optically (Ganitkevich et al., 2006) by using the 
fluorescence dye tetramethylrhodamine methyl (or ethyl) ester 
(TMRM or TMRE). Most experiments were performed in the 
de-ﾭquench mode (Nicholls and Ward, 2000; Duchen et al., 2003). 
The cells were incubated with a KB solution containing 2 µM of 
either TMRM or TMRE at room temperature for 15 min. Under the 
experimental conditions used, the two dyes provided indistin-ﾭ
guishable results. For most experiments, TMRM was used in 
the de-ﾭquench mode, which provided two advantages. First, the 
oxygen tension is very important for evaluating the   
putative role of ROS in the genesis of metabolic oscilla-ﾭ
tions. During ischemia, the oxygen in the affected tissue 
is consumed rapidly and the oxygen tension drops to 
near anoxia. Because the mitochondrial ROS produc-ﾭ
tion depends on both the degree of reduction of rele-ﾭ
vant electron carriers of the respiratory chain and the 
local oxygen availability (Turrens, 2003; Murphy, 2009), 
it can substantially vary in cardiomyocytes exposed to 
ischemia with near-ﾭanoxic oxygen tensions. ROS pro-ﾭ
duction is expected to be increased at more reduced 
states of the electron carriers in the respiratory chain 
(Murphy, 2009; Stowe and Camara, 2009), whereas   
a decreased oxygen availability should result in a de-ﾭ
creased ROS production due to less substrate accepting 
electrons. Indeed, total ROS production of isolated mito-ﾭ
chondria was reported to decrease under near anoxia 
(Turrens, 2003; Hoffman et al., 2007; Korge et al., 2008; 
Starkov, 2008), despite the fact that the proportion of 
electrons leaking to oxygen increases with slower respi-ﾭ
ration at lower oxygen tension (Hoffman and Brookes, 
2009). Diminished ROS production at near anoxia most 
likely contributes to the result that the main ischemic 
injﾭury  happens  upon  reperfusion,  when  the  oxygen 
availability is increased again and a burst of the ROS 
production occurs (Yellon and Hausenloy, 2007).
In this study, we used oxygen clamp in picocham-ﾭ
bers to address the question of whether or not meta-ﾭ
bolic oscillations appear in isolated cardiomyocytes 
exposed to near anoxia, and to specify the anticipated 
role  of  ROS  in  the  genesis  of  these  oscillations.   
We  show  that  metabolic  oscillations  occur  at  near   
anoxia in ischemic cardiomyocytes at times when mi-ﾭ
tochondrial  function  is  still  preserved,  i.e.,  during 
early ischemia, before  collapse and rigor develop. 
They are driven by glycolysis but could be affected   
by mitochondria through the changes in the rate of 
ATP hydrolysis leading to changes of ATP/ADP ratio. 
During  early  ischemia,  at  steady-ﾭstate  near  anoxia 
ROS does not importantly contribute. However, un-ﾭ
der conditions favoring oxidative stress, cellular radi-ﾭ
cal  formation  can  contribute  to  this  control  by 
affecting the mitochondrial ATP hydrolysis rate and, 
hence,  the  ATP/ADP  ratio.  Glycolytic  oscillations 
could be triggered by rapid, but not slow, transition 
to  near  anoxia,  indicating  that  the  rate  of  oxygen 
consumption in the ischemic heart can be a determi-ﾭ
nant of their occurrence.
M AT E R I A L S   A N D   M E T H O D S
Preparation of mouse ventricular cardiomyocytes
Animals were housed and handled according to the guidelines of 
the German Animal Protection law, and the experiments were 
conducted in accordance with the Guide for the Care and Use   
of Laboratory Animals (1996. National Academy of Sciences,     Ganitkevich et al. 309
(160 mm Hg) to near anoxia (pO2 < 0.1 mm Hg) with 
only  small  depolarization  of  ,  which  was  regularly 
<10% of the signal obtained with the uncoupler FCCP 
(Fig. 1 A). After a variable delay (usually 5–10 min), IKATP 
became activated, suggesting that the cytoplasmic ATP/
ADP ratio could not be maintained. This was confirmed 
by measurements of the cytosolic [Mg
2+] with MgGreen. 
At near anoxia, the free [Mg
2+] became increased when 
IKATP was activated. Time courses of IKATP and MgGreen 
signal dissociated, which is likely due to a progressive 
decrease of pH at near anoxia (Ganitkevich et al., 2006), 
affecting fluorescence properties of the indicator. Reoxy-ﾭ
genation, which restored ATP synthesis by oxidative phos-ﾭ
phorylation,  rapidly  removed  IKATP  and  decreased  the 
[Mg
2+] (n = 6; Fig. 1 B). Most notably,  was kept largely 
polarized under conditions when the cytosolic [ATP] sig-ﾭ
nificantly dropped, as indicated by the activation of IKATP 
(Fig. 1 A). However, in the de-ﾭquench mode, the relation 
of the TMRM fluorescence signal to  is presumably not 
simple. We therefore performed experiments in the non-ﾭ
quench mode, in which the fluorescence signals are likely 
to be more directly related to  (Duchen et al., 2003). 
Activation of IKATP at near anoxia was not associated with a 
measurable signal (Fig. 1 C) until rigor contracture oc-ﾭ
curred and  collapsed (n = 9). Notably, the mitochon-ﾭ
dria located under the patch pipette kept some , 
most likely due to an oxygen leak from the patch pipette 
and accumulated dye that was released from more remote 
mitochondria where  collapsed. This shows that any 
residual ATP production by these mitochondria did not 
prevent development of the rigor contracture (Fig. 1 C).
To prove that glycolytic ATP is needed for keeping 
  polarized  at  near  anoxia,  glycolysis  was  manipu-ﾭ
lated. The glycolytic ATP production was either inhib-ﾭ
ited by IAA or the cytoplasmic ATP consumption was 
accelerated by 2-ﾭDG. In the presence of IAA,  was 
sustained at pO2 = 10 mm Hg, but rapidly and almost 
completely collapsed at near anoxia (Fig. S2 A). The   
results with 2-ﾭDG were similar to those obtained with 
IAA (Fig. S2 B).
To prove that the reversal of the F1F0-ﾭATPase keeps 
 at near anoxia at the expense of glycolytic ATP, cells 
were treated with oligomycin. In the presence of oligo-ﾭ
mycin, IKATP appeared not only at near anoxia, but after 
a delay also at pO2 = 10 mm Hg, suggesting that ATP 
synthesis was inhibited. At the same time,  was largely 
sustained because of an intact respiratory chain. After 
activation of IKATP, stepping to near anoxia led to the 
collapse of  (Fig. S2 C). Finally, the adenine nucleo-ﾭ
tide translocator (ANT) inhibitor BKA was applied to 
diminish ATP hydrolysis by the F1F0-ﾭATPase (Nicholls 
and Ferguson, 2002). In the presence of BKA, the abil-ﾭ
ity of the cell to sustain at near anoxia became pro-ﾭ
gressively reduced (Fig. S2 D).
Collectively, these results show that the activation of IKATP 
indicates a progressive imbalance between glycolytic ATP 
sensitivity is 100 times higher compared with the nonquenching 
mode (Voronina et al., 2004). Second, because the photomulti-ﾭ
plier (PMT) signal was collected from the whole picochamber, 
where all dye was trapped, the diffusional loss via the pipette was 
only minimal, avoiding redistribution problems with the dye, as 
present in experiments with large solution volumes (Nicholls and 
Ward, 2000). However, because of concerns about a high matrix 
concentration of the dye, some control experiments were done 
with low nanomolar concentrations. For these experiments in the 
nonquench mode, the cells were incubated in Tyrode’s solution 
containing 20 nM TMRM for 15 min and imaged every 5 s with an 
Apotome microscope (Carl Zeiss, Inc.). “Pseudoconfocal” images 
were processed with the ImageJ software (National Institutes of 
Health). To avoid bleaching of the dye in long-ﾭlasting experi-ﾭ
ments, the development of rigor was accelerated by the inclusion 
of low concentrations (50 or 100 nM) of the uncoupler FCCP in 
the patch pipette solution. To estimate the cytosolic [ATP], free 
[Mg
2+]  was  measured  with  MgGreen  as  described  previously 
(Leyssens et al., 1996). The cells were loaded with 5 µM MgGreen-ﾭAM 
for 30 min. 2,7-ﾭdichlorodihydrofluorescein (H2DCF) oxidation 
was measured as described previously (Ganitkevich et al., 2006). 
Cells were loaded with 5 µM CM-ﾭH2DCFDA for 20 min. NAD(P)H 
fluorescence could not be measured in these experiments be-ﾭ
cause UV illumination destroyed the photoresist used for chip 
production. Flavoprotein fluorescence signals were too small to 
be usable as metabolic parameter during metabolic oscillations.
Data acquisition and analysis
Measurements were controlled and data were collected and ana-ﾭ
lyzed with the ISO2/ISO3 software and hardware (12-ﾭbit resolu-ﾭ
tion; MFK) running on a PC. The sampling rate was 1 kHz. The 
results are presented as mean ± SE.
Chemicals and solutions
All  chemicals  were  of  analytical  grade.  Tyrode’s  solution  con-ﾭ
tained (in mM): 140 NaCl, 5.4 KCl, 1.2 CaCl2, 0.5 MgCl2, 0 glucose, 
and 10 HEPES, pH 7.4 (NaOH). Intracellular solution in the 
patch pipette contained (in mM): 140 KCl, 10 HEPES, and 5 EGTA, 
pH 7.3 (KOH). The cells were stored for experimental use in KB 
medium containing (in mM): 30 KCl, 30 KH2PO4, 50 glutamine 
acid, 20 taurine, 20 HEPES, 10 glucose, 3 MgSO4, and 0.5 EGTA, 
pH 7.3 (KOH). Drugs were applied by flooding the picochamber 
with the appropriate solution. Normally, the PMT was switched 
off during solution exchanges to avoid the recording of artifacts. 
Recording was continued after the solution surrounding the 
  cardiomyocyte was reduced to the picochamber volume again.
Online supplemental material
Fig. S1 shows the dependence of pO2 at the bottom of the experi-ﾭ
mental chamber on the rate of Ar flow. Oxygen quenching of   
Pt-ﾭporphyrin luminescence (FOSPOR-ﾭR sensor with MFPF-ﾭ100-ﾭ1; 
Ocean Optics) was measured at different Ar flow rates. Fig. S2 
demonstrates that glycolytic ATP is required to sustain  and to 
keep KATP channels closed at near anoxia. Glycolysis was impaired 
with iodoacetic acid (IAA) or 2-ﾭdeoxyglucose (2-ﾭDG), whereas   
oligomycin or bongkrekic acid (BKA) was used to inhibit the   
F1F0-ﾭATPase.  The  online  supplemental  material  is  available  at 
http://www.jﾭgp.org/cgi/content/full/jﾭgp.200910332/DC1.
R E S U LT S
 is maintained during IKATP activation in resting 
cardiomyocytes exposed to near anoxia
Resting  cardiomyocytes  (5  mM  EGTA  in  the  patch   
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ATP/ADP ratio oscillates, resulting in oscillations of 
both IKATP and the ability of the F1F0-ﾭATPase to keep 
. These results also suggest that in resting cardio-ﾭ
myocytes with an intact creatine kinase system, no sig-ﾭ
nificant spatial gradients in the ATP/ADP ratio were 
present at the time scale of metabolic oscillations.
ROS scavengers and modulators of the inner 
mitochondrial membrane conductance do not prevent 
metabolic oscillations
Only low ROS levels are expected at near anoxia. To test 
an involvement of ROS in the control of metabolic oscil-ﾭ
lations, cells were pretreated with redox-ﾭactive compounds. 
Oscillatory behavior of IKATP and  was still observed 
in cells preloaded with various cytoplasmic ROS scaven-ﾭ
gers or superoxide dismutase mimetics like TEMPOL, 
synthesis and hydrolysis of ATP by the reverse action   
of the F1F0-ﾭATPase.
At near anoxia, oscillations of IKATP and  occur conjointly
Activation of IKATP started in many cells (34% of 198) 
with  one  or  more  oscillations  (Fig.  2  A).  They  oc-ﾭ
curred  always  at  the  beginning  of  IKATP  activation, 
ceased  when  the  current  activated  further,  were   
paralleled  by  small  oscillations  of  ,  and  had  a   
frequency of 0.044 ± 0.002 Hz (n = 37). IKATP oscilla-ﾭ
tions also occurred in cells not loaded with TMRM (n = 8; 
Fig. 2 B). Comparison of the time courses of IKATP and 
 during oscillations revealed an intimate temporal 
correlation (Fig. 2, C and D). Because at near anoxia 
both IKATP and  are linked to the cytoplasmic ATP/
ADP ratio, these results suggest that the cytoplasmic 
Figure 1.  Changes in IKATP and 
∆ in single cardiomyocytes sub-ﾭ
jﾭected to near anoxia. (A) IKATP ac-ﾭ
tivation was generally measured 
at +40 mV, and ∆ depolariza-ﾭ
tion  was  monitored  by  TMRM 
fluorescence after a decrease of 
pO2 from 160 to <0.1 mm Hg. 
The  response  shown  is  repre-ﾭ
sentative  of  >200  cells.  Reoxy-ﾭ
genation to 10 mm Hg removed 
IKATP and restored ∆. The un-ﾭ
coupler FCCP (5 µM) was used 
in  all  experiments  as  a  refer-ﾭ
ence for both maximal IKATP ac-ﾭ
tivation and ∆ depolarization.   
(B) Simultaneous measurement 
of IKATP activation and MgGreen 
fluorescence at near anoxia. The 
increase in FMgGreen indicates an 
elevation of [Mg
2+] due to a fall 
of ATP (n = 6). Reoxygenation 
restored ATP synthesis, and KATP 
channels  were  rapidly  closed. 
(C)  Activation  of  IKATP  at  near 
anoxia in a cell loaded with a low 
concentration of TMRM (20 nM; 
n  =  9).  IKATP  activation  was  fa-ﾭ
vored by the presence of 50 nM   
FCCP in the patch pipette solu-ﾭ
tion.  Reoxygenation  intervals 
removed IKATP. At the time points 
indicated by numbers, “pseudo-ﾭ
confocal” images were acquired 
(bottom).  A  detectable  change 
in  the  TMRM  signal  was  ob-ﾭ
served only after rigor contrac-ﾭ
ture developed.  Ganitkevich et al. 311
collapse of  at near anoxia (unpublished data),   
consistent  with  reports  that  inhibition  of  voltage-ﾭ 
dependent anion-ﾭselective channel and/or ANT inhib-ﾭ
its the ATP transport into the mitochondrial matrix, 
preventing ATP hydrolysis by the F1F0-ﾭATPase required 
to keep  (Báthori et al., 2006).
The results so far show that metabolic oscillations do 
occur in cardiomyocytes at near anoxia, and they sug-ﾭ
gest that glycolysis is the key player. They do not reveal, 
however, whether and how mitochondria are involved.
Mitochondrial state affects metabolic oscillations  
at near anoxia
To gain further insight into the mechanisms underlying 
the metabolic oscillations at near anoxia, the develop-ﾭ
ment of IKATP was interrupted by short (30-ﾭs) intervals of 
reoxygenation  (pO2  =  10  mm  Hg).  Reoxygenation   
allows the cells to respire, hyperpolarize , and pro-ﾭ
duce ATP by oxidative phosphorylation, thus “clamping” 
N-ﾭ(2-ﾭmercaptopropionyl)-ﾭglycine (MPG), 3-ﾭmethyl-ﾭ1-ﾭphe-ﾭ
nyl-ﾭ2-ﾭpyrazolin-ﾭ5-ﾭone (MCI-ﾭ186), and Mn(III)-ﾭtetrakis-ﾭ
(4-ﾭbenzoic-ﾭacid)-ﾭporphyrin (MnTBAP; all 5 mM; ≥60-ﾭmin 
pretreatment; mean frequency 0.039 ± 0.003 Hz; n = 22). 
Hence, at near anoxia, ROS are not likely to contribute 
significantly to metabolic oscillations.
To test for an involvement of mitochondrial KATP chan-ﾭ
nel and PTP, appropriate ligands were used. Metabolic   
oscillations persisted in cells pretreated with 100 µM di-ﾭ
azoxide (mitoKATP channel opener), 100 µM 5-ﾭhydroxy-ﾭ
decanoate (5-ﾭHD; mitoKATP channel blocker), or 1 µM 
cyclosporine A (PTP blocker; mean frequency 0.035 ± 
0.002 Hz; n = 12). These findings make the involvement of 
mitoKATP channels and the PTP in the control of meta-ﾭ
bolic oscillations at this early stage of ischemia unlikely.
Anion channel blockers (4,4’-ﾭdiisothiocyanostilbene-ﾭ
2,2’-ﾭdisulfonic  acid  [DIDS]  and  4´-ﾭchlorodiazepam), 
which  were  previously  shown  to  reduce  reperfusion   
injﾭury (Akar et al., 2005), induced a rapid and complete 
Figure  2.  Oscillations  of  IKATP 
and  ∆  in  cardiomyocytes  at 
near  anoxia.  (A)  Transition 
to  near  anoxia  is  followed  by   
oscillations of both IKATP and ∆ 
at +40 mV, but not at the hold-ﾭ
ing potential (80 mV). Oscil-ﾭ
lations were observed in 67 cells. 
(B)  Similar  current  oscillations 
were recorded in cells not loaded 
with TMRM (n = 8). (C) Simul-ﾭ
taneous  recording  of  IKATP  and 
∆ at near anoxia, demonstrat-ﾭ
ing that the oscillations were in 
phase. (D) Temporal correlation 
between IKATP and ∆ during the 
oscillations shown in C. All tran-ﾭ
sitions to near anoxia were from 
160 to <0.1 mm Hg.312 Metabolic oscillations at near anoxia
induced  progressively  larger  bursts  of  IKATP,  which 
switched over to oscillations (Fig. 3 B). When  was 
recorded together with IKATP, the IKATP burst was paral-ﾭ
leled by a transient depolarization of  (Fig. 3 C). The 
conjﾭoint  oscillations  of  both    and  IKATP  could  be 
evoked (Fig. 3 D, after first reoxygenation interval) or, 
if already present, potentiated (Fig. 3 D, after second 
reoxygenation  interval)  by  a  rapid  return  to  near   
anoxia. ROS scavengers did not prevent potentiation   
effects of reoxygenation intervals (unpublished data).
These results suggest that shortly after a rapid return 
to  near  anoxia  after  a  reoxygenation  interval,  the   
the ATP/ADP ratio to a high level. Return to near an-ﾭ
oxia again inhibits respiration and depolarizes , but 
at a higher ATP/ADP level, because ATP is produced 
during the preceding reoxygenation interval.
Most notably, shortly after a rapid (5-ﾭs) return to near 
anoxia, IKATP rapidly activated, and to a higher level than 
before reoxygenation, despite some ATP that must have 
been synthesized during the preceding reoxygenation 
interval (Fig. 3 A). Moreover, when the protocol was   
applied  shortly  before  measurable  IKATP  activation,   
a burst of IKATP was recorded (Fig. 3 B). Repetitive   
application of this protocol during activation of IKATP  
Figure 3.  IKATP and its oscillations are potentiated after rapid transition to near anoxia. (A) IKATP activated slowly at near anoxia, but 
rapidly and to higher amplitude after a short reoxygenation interval. (B) Progressive potentiation and initiation of oscillations of IKATP at 
near anoxia after repetitive reoxygenation intervals. (C) Potentiation of IKATP at near anoxia after a reoxygenation interval is paralleled 
by a transient ∆ depolarization. (D) Initiation and potentiation of oscillatory behavior of both IKATP and ∆ after a first and second 
reoxygenation interval, respectively. All reoxygenation intervals were from <0.1 to 10 mm Hg and had a duration of 30 s.  Ganitkevich et al. 313
To directly demonstrate that the rate of ATP hydrolysis 
by mitochondria affects metabolic oscillations, we applied 
a low concentration of an uncoupler FCCP to cells with 
intact glycolysis to reduce  kept at near anoxia and 
thus to accelerate ATP hydrolysis by the F1F0-ﾭATPase.
In the presence of 20 nM FCCP, transition to near   
anoxia induced large depolarization of  and an   
immediate maximal activation of IKATP with large-ﾭscale   
oscillations  (n  =  12;  Fig.  4  B).  Similar  to  cells  not 
treated with an uncoupler, these oscillations of IKATP 
were  potentiated  after  intervals  of  reoxygenation 
(Fig. 4 B). However, the amplitude of IKATP oscilla-ﾭ
tions  was  much  larger  compared  with  that  usually   
recorded in untreated cells (Figs. 2 and 3). Oscilla-ﾭ
tions of IKATP were also paralleled by oscillations of 
, until its collapse due to the fall of the ATP/ADP 
ratio. Nevertheless, the respiratory chain was still able 
to polarize  upon reoxygenation (Fig. 4 B).
These  results  further  confirm  the  finding  that   
glycolysis is responsible for metabolic oscillations at 
near anoxia, that mitochondria are suppliers of ADP 
for the phosphofructokinase, and that this supply de-ﾭ
pends on  kept at near-ﾭanoxic conditions. More-ﾭ
over,  because    is  a  determinant  of  the  ATP 
hydrolysis rate, the speed of the fall of the ATP/ADP 
ratio should also depend on the rate of  depolar-ﾭ
ization. This could be verified experimentally.
The rate of oxygen drop determines mitochondrial 
influence on metabolic oscillations
We induced both a rapid (5-ﾭs) and a slow drop of   
oxygen to near anoxia in the same experiment. With 
the rapid drop, oscillations of both IKATP and  were 
observed (Fig. 5 A; n = 5). Reoxygenation restored 
hydrolysis of ATP transiently increases. Because the ef-ﾭ
fect was not sensitive to ROS scavengers, we hypothesize 
that it could be due to a switch of the F1F0-ﾭATPase from 
ATP synthesis to ATP hydrolysis as the result of rapid 
mitochondrial depolarization.
 is a determinant of the ATP hydrolysis rate  
at near anoxia
To prove that  determines the ATP hydrolysis rate 
by the F1F0-ﾭATPase, glycolysis was blocked by 1 mM 
IAA and the F1F0-ﾭATPase was reversed by near anoxia, 
leading  to  cytoplasmic  ATP  consumption  until  the 
development of rigor and collapse of . As in cells 
with intact glycolysis (Fig. 2 A),  was depolarized 
only slightly upon transition to near anoxia (Fig. 4 A). 
Within less than a minute, however, IKATP was com-ﾭ
pletely activated and  collapsed (n = 5), suggesting 
that  with  glycolytic  ATP  supply  blocked,  ATP  was   
rapidly  consumed  by  the  F1F0-ﾭATPase  (compare   
Fig. 2 A). Reoxygenation restored  and removed 
IKATP  after  a  delay,  when  oxidative  phosphorylation 
had  produced  enough  ATP  (Fig.  4  A).  This  shows 
that the respiratory chain was still functional. Nota-ﾭ
bly,  at  near  anoxia,    became  depolarized  at  an   
increasingly  higher  rate  with  a  maximum  close  to 
time of complete activation of IKATP (Fig. 4 A). Hence,   
depolarized  mitochondria  reduce  the  ATP/ADP   
ratio at a higher rate. The rate of  depolarization   
decreased again when the ATP/ADP ratio fell further, 
as indicated by the collapse of  and the develop-ﾭ
ment of rigor. Reoxygenation restored , indicat-ﾭ
ing  that  at  this  time,  the  respiratory  chain  is  not 
significantly damaged (Fig. 4 A). At blocked glycolysis, 
metabolic oscillations were never observed (n = 5).
Figure  4.  ∆  is  a  deter-ﾭ
minant of the ATP hydroly-ﾭ
sis  rate.  (A)  With  glycolysis 
blocked by 1 mM IAA, IKATP 
activation  and  ∆  depolar-ﾭ
ization  occurred  without 
oscillations.  The  rate  of  ∆ 
depolarization was progres-ﾭ
sively  increased  until rigor 
developed (n = 5). (B) Partial 
mitochondrial  uncoupling 
with 20 nM FCCP resulted in 
a large ∆ depolarization at 
near anoxia and initiation of 
large-ﾭscale  IKATP  oscillations   
(n = 12).314 Metabolic oscillations at near anoxia
fluorescence is used as an indicator of ROS production. 
However, it was shown in several insightful studies that 
upon illumination, DCF could act as photosensitizer for 
oxidation of cellular reductants (reduced glutathione 
[GSH]  and  NADH),  thus  producing  radicals  itself 
(Marchesi et al., 1999; Rota et al., 1999a,b). Subsequent 
electron transfer from these radicals to molecular oxy-ﾭ
gen produces superoxide (Bonini et al., 2006; O’Neill 
and Wardman, 2009). Moreover, as DCF is a two-ﾭelectron 
oxidation product of H2DCF, an intermediate radical is 
formed during oxidation, which reacts with oxygen to pro-ﾭ
duce superoxide directly (Bonini et al., 2006; Wardman, 
2007; Wrona et al., 2008). Therefore, DCF itself induces 
oxidative stress in a self-ﾭamplifying oxygen-ﾭconsuming 
chain reaction, which depends on light, oxygen concen-ﾭ
tration, and the redox status of the cell (Wardman, 2007). 
We used these properties of DCF, in combination with 
substances having well-ﾭestablished effects on mitochon-ﾭ
drial ROS production, to assess how different degrees 
of  oxidative  stress  affect  metabolic  oscillations,  re-ﾭ
flected by IKATP.
Because in an experiment the DCF fluorescence con-ﾭ
tinuously increased upon illumination, as expected for 
a self-ﾭamplifying chain reaction, we used the rate of 
fluorescence increase (dFDCF/dt) as the measure of   
oxidative stress (Fig. 6).
When the cells were treated with the complex III Qo 
site inhibitor stigmatellin (1 µM; n = 7), which blocks 
ROS production (Nicholls and Ferguson, 2002; Turrens, 
2003), the rate of H2DCF oxidation increased only very 
slowly and IKATP became activated slowly and showed   
oscillatory behavior (Fig. 6 A). This result suggests that 
blocking mitochondrial ROS production at complex III 
did not prevent glycolytic oscillations.
 and removed IKATP. When the pO2 was reduced 
slowly to near anoxia within 2 min, IKATP was activated 
again and  depolarized at a slower rate, but oscil-ﾭ
lations of  and IKATP were largely absent (Fig. 5 A). 
Similar  results  were  obtained  when  protocols  were 
applied  in  the  opposite  order  (n  =  5).  Similarly,  a 
stepwise reduction of pO2 to near anoxia within 3 min 
depolarized  and activated IKATP without inducing 
oscillations (n = 5; Fig. 5 B). Reoxygenation restored 
 and abolished IKATP; subsequent rapid transition 
to  near  anoxia  again  evoked  oscillations  of  both   
IKATP and .
These results suggest that the speed of transition to 
near anoxia, i.e., the rate of  depolarization and fall 
of the ATP/ADP ratio is an important factor for the 
genesis of glycolytic oscillations.
Oxidative stress modulates metabolic oscillations
We found no role of ROS at near anoxia, as expected 
with  little  ROS  production  at  a  very  low  pO2.  This   
conclusion is based on the failure of scavengers to pre-ﾭ
vent  metabolic  oscillations.  Instead,  all  results  are  in 
support of the idea that glycolysis is a critical determi-ﾭ
nant of the metabolic oscillations. Nevertheless, ROS 
might be important under conditions of myocardial 
ischemia because they are expected to be produced 
during reperfusion, causing damage of the respiratory 
chain. We therefore studied whether and how cellular 
ROS production affects metabolic oscillations. Doing 
this, we were aware that measurement of ROS in cells 
is a challenging task because no really suitable tools 
are  available  (Dikalov  et  al.,  2007;  Wardman,  2007). 
Commonly used H2DCF is oxidized in the cell to the 
fluorescent compound DCF, and the increase of green 
Figure 5.  The rate of oxygen 
drop to near anoxia is a deter-ﾭ
minant for the oscillatory be-ﾭ
havior of both IKATP and ∆. 
(A) IKATP and ∆ oscillations 
occurred  after  a  rapid  (5-ﾭs) 
transition to near anoxia, but 
were largely absent when con-ﾭ
ditions  at  near  anoxia  were   
reached slowly (2 min; n = 5). 
During  reoxygenation  the 
oxygen  tension  was  10  mm 
Hg.  (B)  Stepwise  transition 
to near anoxia within 3 min 
activated  IKATP  and  depolar-ﾭ
ized ∆ without oscillations, 
whereas the next fast transi-ﾭ
tion triggered oscillatory be-ﾭ
havior of both signals (n = 5). 
pO2 was changed between 10 
and <0.1 mm Hg.  Ganitkevich et al. 315
with mitochondrial ROS production blocked, indicat-ﾭ
ing a much lower degree of oxidative stress in the pres-ﾭ
ence of stigmatellin.
When  the  cells  were  treated  with  the  complex  I   
inhibitor rotenone (1 µM; n = 5), which facilitates the 
ROS  production  at  the  FMN  site  of  this  complex   
(Nicholls and Ferguson, 2002; Turrens, 2003; Starkov, 
2008), the rate of H2DCF oxidation increased continu-ﾭ
ously, and an H2DCF oxidation burst similar to that ob-ﾭ
served with antimycin was seen upon transition to near 
anoxia (Fig. 6 C). IKATP activated quickly and showed 
oscillatory  behavior.  The  degree  of  oxidative  stress,   
estimated from the rate of the H2DCF oxidation at 
pO2 = 10 mm Hg after the addition of the blocker, 
was highest with antimycin, followed by rotenone. The 
results with stigmatellin were not significantly different 
from control (Fig. 6 D).
When cells were treated with the complex III Qi site 
inhibitor antimycin (1 µM; n = 5), which is known to 
greatly  enhance  ROS  production  by  the  respiratory 
chain  (Nicholls  and  Ferguson,  2002;  Turrens,  2003; 
Starkov, 2008), the rate of H2DCF oxidation increased 
rapidly and continuously (Fig. 6 B). IKATP activated much 
faster compared with the activation in the presence of 
stigmatellin  and  showed  oscillatory  behavior.  Rapid 
transition from pO2 = 10 mm Hg to near anoxia induced 
a transient increase of the H2DCF oxidation rate lasting 
20 s (Fig. 6 B). It was shown before that this accelera-ﾭ
tion of H2DCF oxidation is due to an electron transfer 
from thiyl radicals formed during preceding oxidative 
stress, which was suppressed in the presence of oxy-ﾭ
gen (Korge et al., 2008; Wrona et al., 2008). This is 
supported by the result that transient acceleration of 
H2DCF  oxidation  was  nearly  absent  with  stigmatellin 
Figure 6.  Activation of IKATP in 
cardiomyocytes exposed to oxi-ﾭ
dative stress. Simultaneous re-ﾭ
cording  of  IKATP  activation  and   
H2DCF oxidation in cardiomyo-ﾭ
cytes treated with either (A) 1 µM   
stigmatellin (n = 7), (B) 1 µM an-ﾭ
timycin (n = 5), or (C) 1 µM ro-ﾭ
tenone (n = 7). Transitions from 
pO2  of  10  to  <0.1  mm  Hg  in-ﾭ
duced H2DCF oxidation by thiyl 
radicals.  (D)  Quantification  of   
the  degree  of  oxidative  stress. 
Normalized values of the rate of   
the rise of DCF fluorescence 100 s   
after the addition of drugs. The 
oxidation rate of H2DCF with both 
antimycin  (Ant)  and  rotenone 
(Rot) was significantly different 
from  control  (Ctrl),  whereas  it 
was  not  significantly  changed 
with stigmatellin (Stigm).316 Metabolic oscillations at near anoxia
state, i.e., ATP synthesis is accompanied with the gener-ﾭ
ation of reducing equivalents. This further suggests that 
ROS are not casually involved in the generation of met-ﾭ
abolic oscillations at near anoxia.
D I S C U S S I O N
Metabolic oscillations in isolated cardiomyocytes were 
observed  under  conditions  simulating  ischemia  (Ryu   
et al., 2005; Yang et al., 2008) or reperfusion (Aon et al., 
2003), but always at atmospheric oxygen. They were 
attributed  either  to  oscillatory  behavior  of  glycolysis 
during chemical ischemia, without obvious involvement 
of ROS (Yang et al., 2008), or to oxidative stress (ROS) -ﾭ 
induced synchronization of metabolism during reper-ﾭ
fusion (Akar et al., 2005; Aon et al., 2006). The results 
of the present study demonstrate that metabolic oscilla-ﾭ
tions also occur in ischemic cardiomyocytes exposed to 
near anoxia, that they are driven by glycolysis, and that 
ROS are not essentially involved at this stage of ische-ﾭ
mia. Because our experiments were performed under 
near-ﾭanoxic conditions, the metabolic state of a cardio-ﾭ
myocyte at near anoxia, in particular that of the mito-ﾭ
chondria, is considered first.
Both glycolysis and mitochondria control the metabolic 
state of a cardiomyocyte at near anoxia
At normoxia, when  is high, ATP synthesis by the 
F1F0-ﾭATPase decreases  by using the proton electro-ﾭ
chemical  potential.  At  near  anoxia,  the  respiratory 
chain is not able to keep , resulting in a depolariza-ﾭ
tion (Fig. 1 A). When the proton electrochemical po-ﾭ
tential, which is mainly , becomes lower than the 
free energy of the phosphorylation potential, the F1F0-ﾭ
ATPase switches from ATP synthesis to ATP hydrolysis, 
resulting in proton pumping. Together with the ANT, 
which translocates ATP
4 into and ADP
3 out of the ma-ﾭ
trix (net negative charge in), proton pumping by the 
F1F0-ﾭATPase results in maintenance of  at a polarized 
level (Fig. 1 A). This level of  is maintained as long as 
the glycolytic ATP flux, the only source of ATP at near 
anoxia, supplies enough ATP to the mitochondria to keep 
the  free  energy  of  ATP  hydrolysis  below  the  electro-ﾭ
chemical proton potential (Fig. 2 A). One determinant 
of the latter is the leak in the inner mitochondrial mem-ﾭ
brane. Because ATP
4 must enter the matrix against the 
 to become hydrolyzed, mitochondria that are more 
depolarized consume ATP at a higher rate (Fig. 4 A). 
Thus, ATP is hydrolyzed at the highest rate by uncou-ﾭ
pled mitochondria (Nicholls and Ferguson, 2002).
Mitochondria are involved in metabolic oscillations  
at near anoxia
The results of this study demonstrate that at the begin-ﾭ
ning of IKATP activation, oscillatory phenomena occur 
(Fig.  2  A).  Because  activation  of  IKATP  represents  an   
Collectively, our experiments demonstrate that ele-ﾭ
vated ROS levels are not necessary for the oscillatory 
behavior of IKATP, through enhanced radical formation 
results in a faster fall of the ATP/ADP ratio, i.e., in an 
acceleration of ATP hydrolysis. Our results also demon-ﾭ
strate  the  problems  of  using  DCF  within  cells.  Thiyl   
(as well as other) radicals use oxygen as an electron sink 
to  form  superoxide,  which  is  then  dismutated  in  its 
usual way (Winterbourn, 1993, 2008; Winterbourn and 
Hampton, 2008), so that the lowering of pO2 results in 
a redistribution of unpaired electrons between other 
acceptors.  Therefore,  interpretation  of  DCF  fluores-ﾭ
cence signals from cells is difficult, especially when pO2 
is  varied.  We  therefore  restricted  our  measurements 
with DCF to a constant low pO2 of <0.1 mm Hg. We 
aimed to relate changes of the ATP/ADP ratio, reflected 
by IKATP to the cellular redox state, during metabolic   
oscillations at near anoxia.
Oscillations of the H2DCF oxidation rate and IKATP at near 
anoxia are closely time related
At near anoxia, little superoxide is produced (Turrens, 
2003; Korge et al., 2008; Muller, 2009). In the absence 
of oxygen, H2DCF oxidation arises from thiyl radicals 
(Korge et al., 2008; Wrona et al., 2008) formed by photo-ﾭ
reduction of DCF (Marchesi et al., 1999). Like other 
fluorescent dyes, DCF is activated by visible light to a 
triplet state that is reactive toward reducing agents like 
GSH, generating thiyl radicals (Marchesi et al., 1999). 
Notably, NAD(P)H can substitute for GSH and photo-ﾭ
reduce the dye even much faster (Marchesi et al., 1999). 
Because we could not measure NAD(P)H fluorescence 
directly (see Materials and methods), we used this pecu-ﾭ
liarity of DCF to compare IKATP and the H2DCF oxida-ﾭ
tion rate, which should be related to [NAD(P)H] and 
hence to the cellular redox state. Because the glycolytic 
ATP  flux  is  accompanied  with  the  production  of 
NAD(P)H, we could assume that that oscillations of the 
ATP/ADP ratio are also reflected by DCF fluorescence.
Upon  transition  to  near  anoxia,  a  small  burst  of 
H2DCF oxidation was observed, induced by thiyl radi-ﾭ
cals formed during preceding hyperoxia (160 mm Hg). 
IKATP started to oscillate after a delay with a frequency of 
0.043 ± 0.002 Hz (n = 6; Fig. 7 A). These oscillations 
were accompanied by small changes of the H2DCF oxi-ﾭ
dation rate, indicating that the cellular redox state also 
oscillated. When IKATP became further activated, oscilla-ﾭ
tions of both IKATP and the H2DCF oxidation rate ceased 
(Fig. 7 A). Comparison of time courses of IKATP and H2DCF 
oxidation during metabolic oscillations at higher time 
resolutions revealed that the fastest H2DCF oxidation 
rate was paralleled by the highest rate of IKATP activation 
and, vice versa, the lowest H2DCF oxidation rate was 
paralleled by the highest rate of KATP channel closure 
(Fig. 7 B). These results suggest that at near anoxia, the 
ATP/ADP ratio is inversely related to the cellular redox   Ganitkevich et al. 317
The other, more important positive feedback leading 
to  oscillations  of  the  cytoplasmic  ATP/ADP  ratio  is 
driven by the effect of free ADP on the phosphofructo-ﾭ
kinase activity (Yang et al., 2008). In this study, meta-ﾭ
bolic oscillations were recorded at atmospheric oxygen 
in the presence of cyanide or rotenone, i.e., under con-ﾭ
ditions simulating ischemia at high oxygen. It was shown 
that in cardiomyocytes, when the capacity of oxidative 
phosphorylation and the creatine kinase system to buf-ﾭ
fer the cellular ATP/ADP ratio is suppressed, glycolysis 
could cause periodic oscillations in cellular ATP levels. 
As in the present study, metabolic oscillations were   
suppressed by IAA, persisted in cardiomyocytes pretreated 
with ROS scavengers, and showed an anti-ﾭphase relation-ﾭ
ship to redox oscillations (Yang et al., 2008). Notably, 
the frequency of metabolic oscillations in cardiomyocytes 
at 36°C was with 0.02–0.067 Hz, comparable to the re-ﾭ
spective frequency in our experiments at 22°C (0.044 Hz), 
suggesting a low Q10 value for the frequency-ﾭcontrolling 
process. Alternatively, the frequency-ﾭcontrolling process 
at high and low oxygen might be different.
The rate of oxygen drop affects metabolic oscillations 
through the rate of ATP hydrolysis
A key finding of our report is that the mitochondrial   
effect on metabolic oscillations depends on the speed 
of the oxygen drop (Fig. 5). As oxygen tension decreases, 
the respiratory chain slows. Hence, the speed of oxygen 
drop is the determinant of the rate of mitochondrial 
imbalance  between  the  glycolytic  ATP  flux  and  ATP 
consumption by the F1F0-ﾭATPase, oscillations of the 
ATP/ADP ratio can be controlled in principle at the 
level of both glycolysis and mitochondria. An oscillatory 
behavior requires a feedback. One such feedback is the 
link between  and the ATP hydrolysis rate. When the 
ATP concentration in the cytoplasm falls, the proton-ﾭ
pumping ability of the F1F0-ﾭATPase decreases and  
gets more depolarized. If the glycolytic ATP flux cannot 
balance this, the result would be a further ATP fall and 
 depolarization; i.e., there is a positive feedback   
between depolarization of  and the ATP consump-ﾭ
tion rate (Fig. 4 A). This positive feedback is likely to be 
responsible for the rapid initial ATP/ADP ratio drop 
with the resulting activation of IKATP (Fig. 1 A). Acceler-ﾭ
ated ATP hydrolysis stimulates the glycolytic ATP flux, 
resulting  in  a  slowing  down  of  the  further  ATP  fall   
(Fig. 1 A) or even transient recovery of the ATP/ADP 
ratio and  (Fig. 2 C). Hence, as long as glycolysis sup-ﾭ
plies enough ATP, the positive feedback of  on the 
ATP hydrolysis rate can be interrupted by a repetitive 
increase of the glycolytic ATP flux. Hence, as long as 
 oscillates, the ATP consumption rate should also   
oscillate, resulting in oscillations of the ATP/ADP ratio. 
When oscillations of  are small, it is likely that this 
feedback is of lesser significance for the control of gly-ﾭ
colytic oscillations. Hence, it is apparently important 
only for the initiation of the oscillations, as it is respon-ﾭ
sible for the acceleration of the ATP/ADP ratio fall.
Figure 7.  Redox changes during oscillatory IKATP activation. (A) At near anoxia, oscillations of the H2DCF oxidation rate occurred when 
IKATP oscillated. (B) During oscillations at near anoxia, IKATP activated at the highest rate when H2DCF was oxidized at the highest rate. 
Oscillations labeled in A are shown at an extended time scale.318 Metabolic oscillations at near anoxia
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depolarization. In turn, the  is a determinant of the 
ATP hydrolysis rate (Fig. 4 A). When the mitochon-ﾭ
dria are depolarized at a fast rate (seconds), metabolic 
oscillations were either elicited or potentiated (Figs. 3 
and 4 B). When mitochondria are depolarized at a slow 
rate (minutes), the oscillatory phenomena were much 
less prominent because glycolysis has time to compen-ﾭ
sate for the slower fall of the ATP/ADP ratio (Fig. 5). 
When the blood flow is interrupted during acute ische-ﾭ
mia in the heart, the local oxygen tension drops rapidly 
because oxygen is consumed by cells. Hence, the rapid 
(seconds) drop of oxygen in our experiments is likely to 
mirror acute ischemia in vivo. These results suggest that 
the rate of oxygen consumption in the ischemic heart is a 
determinant for the occurrence of glycolytic oscillations.
Lack of significant involvement of ROS and mitoKATP  
in metabolic oscillations during early ischemia
In theory, near-ﾭanoxic conditions, i.e., highly reduced 
conditions, favor ROS generation by complex I of the 
respiratory chain (Murphy, 2009). Superoxide gener-ﾭ
ated at the matrix side (Turrens, 2003; Starkov, 2008) 
was shown to induce permeabilization of the inner 
mitochondrial membrane, leading to depolarization of 
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pling proteins (Echtay et al., 2002b). Induction of oxi-ﾭ
dative stress did accelerate an ATP/ADP ratio drop   
(Fig. 6). However, at near anoxia, we did not find evi-ﾭ
dence for ROS contributing importantly at this early stage 
of ischemia, i.e., when  is still maintained by glycoly-ﾭ
sis and the respiratory chain is not noticeably damaged. 
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drial KATP channels was shown to be cardioprotective 
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the speed of ATP utilization by the backwardly running 
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ulated by uncoupling or oxidative stress. In the ischemic 
heart, the speed of oxygen consumption by the tissue 
determines, through the speed of mitochondrial depo-ﾭ
larization, the rate of ATP hydrolysis, which in turn de-ﾭ
termines the occurrence of oscillations in metabolism 
and excitability.
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